A prospective study was done on 100 hearts from patients who had clinically proved myocardial infarction with histologic confirmation. The following variables were considered and related statistically: age, set and duration of patient survival; heart weight; type, form, length and degree of preexisting stenosis in the coronary system; the location and type of coronary occlusion; the location, type and size of an infarct and the other forms of irreversible myocardial damage found. Fifty-five percent of the hearts had no occlusive thrombus in the coronary artery supplying the infarcted myocardium. In 45 cases in which thrombi were found, all but one were in a supplying coronary artery. The occurrence of thrombi was associated with an increased size of infarct, most frequently with transmural infarcts (55%) and less often with those involving the inner twothirds of the wall (30%) or with subendocardial infarcts (27%). Most infarcts developed in patients with 70% stenosis in the coronary artery system, although the size of an infarct was independent of the number, degree, length and distribution of severe stenoses found in the system. A supplying artery usually showed a stenosis of > 70% along its course or, if it contained an acute occlusive thrombus, the thrombus was at a stenosis caused by an atheromatous plaque. These data support the concept that an occlusive coronary thrombus has no primary role in the pathogenesis of a myocardial infarct.
THE CONCEPT of a cause-effect relationship between an occlusive thrombus in a coronary artery and a myocardial infarction in the area supplied by that artery is controversial. [1] [2] In 100 selected patients we studied many morphologic variables that could affect such a relationship. The results suggest that an acute occlusive coronary thrombus does not have a primary role in the pathogenesis of a myocardial infarction.
Materials, Methods and Definitions Study Population
The hearts were obtained from 100 consecutive necropsy cases who presented between 1971 and 1977 at the Toronto General Hospital with clinical symptoms of acute myocardial infarction. All had the diagnosis confirmed in a coronary care unit by alterations in ECG tracings and blood enzyme levels, including isoenzymes. No patient had another form of heart disease or developed the infarction as a complication of a clinical or surgical procedure and none had had coronary vascular surgery.
Each heart had histologic evidence of coagulation necrosis. Coagulation necrosis with an associated polymorphonuclear (PMN) leukocyte infiltration or newly formed connective tissue surrounding areas of coagulation necrosis were accepted as hallmarks of a recent myocardial infarction. Thus, the patients were selected for study only if they had unequivocal evidence, both clinically and histologically, of a myocardial infarction.
Gross Examination of Heart
Each heart was examined in the same manner. After removing the pericardium and severing both aorta and pulmonary arteries 2 cm above the annulus of their respective valves, an unfixed heart was photographed, x-rayed in the anteroposterior position and subjected to postmortem angiography by injecting, through cannulas placed in the coronary ostia, a barium/gelatin medium prepared by placing 120 mg of 92% w/w barium sulphate (Micropaque, Damancy and Co., Slough, U.K.) and 45 mg of gelatin in 500 ml of water. The medium was injected at 36°C and at a pressure of 90-100 mm Hg for 5-10 minutes. After the gelatin was set by cooling in ice, x-rays were obtained in the anteroposterior and both left and right anterior oblique views. The heart was then fixed for 24 hours in a 10% buffered formalin solution and weighed. Then, each main coronary artery and its branches to a diameter of 1 mm were sectioned at 3mm intervals along their course.
The location, type, form and length of any stenosed or occluded segment seen grossly were recorded and compared with those seen on angiograms. The heart was cut into slices 1 cm thick parallel to the posterior atrioventricular (AV) groove and proceeding from the apex to the base, with the last section at the upper level of the left ventricular papillary muscles (usually 3-4 cm from the AV groove). After another 24 hours of fixation, the sliced hearts were examined and the location, type and size of any myocardial damage recorded. Photographs of the slices, made on a grid divided into 1-cm squares, were enlarged and an area of acute infarction or of fibrosis and the total area of each slice were measured on them using a polar planimeter. In this manner, the size of an infarct or scar expressed as a percentage of total left ventricular mass, including the whole septum, could be calculated. Histologic sections were used to establish the edges of an infarct or scar when assessing the affected area.
Histologic Methods and Examination
Histologic sections, prepared from the coronary arteries and from the basal aspect of each heart slice, were stained with hematoxylin and eosin. All histologic material was reviewed by the pathologists together.
Examination of Coronary Arteries
Single histologic sections were made from the aortic aspect of each of the 3-mm-wide blocks prepared from a coronary artery. Thirty to 35 sections were studied from each coronary artery.
The degree of stenosis was established histologically in each section from an artery. It was expressed as a percentage and measured as a reduction in luminal diameter.4 This method of establishing the degree of stenosis was chosen in preference to measuring the cross-sectional area because an atherosclerotic plaque may distend a vessel. The rationale is to compare the normal lumen of a vessel with the residual one. We measure the major and minor diameters of the residual lumen in each section of a coronary artery using a micrometer and average the results. We related that average diameter to the average luminal diameter obtained in a previous study of plastic casts of coronary arteries in normal hearts.13 This method permits a comparison of results. We are aware that no method of establishing the degree of stenosis is entirely satisfactory. The patency of each coronary artery and branches was controlled by the postmortem angiograms. This control guaranteed that no occlusion or severe stenosis escaped our observation.
Histologic examination of sections of coronary arteries also permitted definition of the histologic type of atherosclerotic lesion and the morphology of coronary occlusions.
Examination of the Myocardium
The entire surface area on the basal aspect of each heart slice was studied histologically to establish the type of myocardial damage and both its location and extension within the ventricular wall.
Statistical Methods
Data were recorded on original cards and processed by an IBM 370/16 computer. Statistical evaluaton were done by chi-square test and chi-square test for trend.
Definitions
The interval between the onset of acute clinical symptoms and death was called survival or survival time.
The major coronary artery supplying an area of infarcted myocardium became the supplying artery. When more than one artery was thrombosed in a heart, that supplying the infarcted area was regarded as the one occluded for computing purposes.
A coronary stenosis was severe when the diameter was reduced to > 70% of normal. The form of a stenosis was considered concentric if the reduced lumen was centrally located; eccentric if encircled by atherosclerotic plaques and situated lateral to the center; or semilunar if part of a laterally placed lumen was defined by normal arterial wall.
Atherosclerotic plaques were atheromatous when they were composed mainly of atheroma or fibrous when their main component was fibromuscular tissue that contained little or no atheromatous material. Coronary occlusions were classified as acute (thrombi or organizing thrombi) or old (lumen blocked by fibrous tissue containing small vascular channels). A distinction was made between occlusive and mural thrombi, the latter being small laminar thrombi attached to the endothelium that did not effectively reduce the vessel lumen.
The location of an infarct within the left ventricle wall was established histologically by dividing the width of the wall into thirds and determining if the irregular edge of the infarct crossed these dividing lines in any of the myocardial sections examined. An infarct could be subendocardial when it was confined to the luminal third of the wall, or it could involve the inner two-thirds of the wall, or it could be transmural.
Three histologic forms of myocardial necrosis, described previously,'14 15 were distinguished: Infarcted myocardium showed coagulation necrosis that evoked PMN leukocyte infiltration; coagulative myocytolysis had necrotic muscle fibers with anomalous and irregular cross bands (contraction bands) in their cytoplasm and did not evoke a PMN leukocyte infiltrate; and colliquative myocytolysis had dead fibers showing cytoplasmic lysis associated with intracellular vacuolization but neither PMN response nor irregular crossbands.
If less than 10% of the left ventricular mass showed fibrous tissue, it was considered to have minimal fibrosis; if more than 10%, it was considered extensive fibrosis.
Results
Of the patients studied, 72 were men (average age 61 years; range 29-90 years) and 28 were women (average age 69 years; range 43-89 years). Most (74%) survived 10 days or less; maximum survival time was 35 days. Table 1 shows the relationship between the age, sex, survival time, heart weight, infarct size, degree of maximal stenosis found in the coronary system, the number of coronary arteries showing stenoses . 70% and the presence of an acute occlusive coronary thrombus in these patients. No difference could be demonstrated between males and females with respect to survival time or to the size of the infarct. No sex differences were found between survival time and heart weight, survival time and infarct size or between heart weight and infarct size. The frequency of a pathologic heart weight (. 500 g)`6 was no different in males and females in different decades, but cardiomegaly occurred more frequently in males (69%) than in females (39%) (p < 0.01).
Ninety-four percent of the infarcts occurred in patients who had . 70% (severe) stenosis in the coronary artery system, but the distribution of severe stenoses in one, two or three vessels was homogenous in males and females in different decades (table 2) . There was no correlation between the frequency of stenoses . 70% and either the number of vessels affected or the total number of stenoses and infarct size. In general, the supplying artery was stenosed, but one man with a large subendocardial infarct had neither a severe stenosis nor an acute occluding thrombus in the supplying artery.
Most infarcts affected < 40% of the left ventricular mass; the maximal involvement was 85%. The infarcts were subendocardial in 11 patients (eight males and three females), involved the inner two-thirds of the left ventricle wall in 27 (18 males and nine females) and were transmural in 62 patients (46 males and 16 females). No relationship could be established either between infarct size and survival or between survival and the frequency of acute occlusive thrombi (table 3) . Areas of coagulative myocytolysis occurred in 91% of the hearts, mainly at the border or surrounding an infarct but also focally in areas of myocardium far removed from the infarct. The presence of this lesion was not related to the degree of coronary damage, the size of an infarct, or the presence or absence of an acute occlusive thrombus.
Foci of colliquative myocytolysis involving left ventricle myocardial cells immediately deep to the endocardium were found in 33 hearts. The presence of this lesion could not be related to the degree of coronary damage, the size of an infarct or to the presence or absence of an acute occlusive thrombus. However, 15 of the 33 hearts had extensive fibrosis in the adjacent myocardium.
Seventy-five patients had either no myocardial fibrosis or tiny foci mainly in the subendocardial zone; the remainder showed extensive fibrosis (table 4) . We compared the degree and number of severe stenoses in the coronary arteries with the severity of preexisting fibrosis. In cases with either absent or minimal fibrosis, a homogeneous distribution of stenoses of differing severity was found in males and females; but among the 25 cases with extensive fibrosis, there is a significantly higher frequency of > 90% stenoses (p < 0.05). In general, a relationship between an increasing degree of coronary artery stenosis, the number of vessels affected and the occurrence of myocardial infarctions could not be established when extensive fibrosis was not present in the myocardium. Rather, such patients had a significantly higher frequency of myocardial infarction in cases with . 70% stenosis in one vessel only (p < 0.01). Most severe stenoses were concentric (67%); 29% were eccentric and 4% were semilunar.
Acute occlusive coronary thrombi were found in the supplying arteries of 44 hearts and in the distribution shown in table 5. Their occurrence in males (51%) was significantly more frequent than in females (25%) (p < 0.05). Four men had more than one acute thrombus. Eight-seven percent of the acute thrombi found in a supplying vessel were at a site of severe stenosis, usually concentric (in 73%) or less often, eccentric (27%). Most stenoses (89%) had been caused by atheromatous plaques. In one woman, the supplying artery was not occluded, but her left anterior descending artery was occluded by an acute occlusive thrombus in an area of 90% stenosis, and she had a large transmural infarct in the lateral and posterior wall of the left ventricle. Of six cases with an acute occlusive thrombus in an area of stenosis < 70%, five had very large myocardial infarcts. The sixth had a small infarct (< 10%) but showed a disparity between the age of the infarct (healing and clinically 25 days old) and that of the acute occluding thrombus (formed very recently with platelet aggregates in its substance as seen in semiserial sections through the whole thrombus).
Mural thrombi were observed in the supplying coronary artery of 14 other hearts (table 5). Most were associated with stenoses of . 70%, 93% in areas of concentric stenosis and the remainder at sites of eccen- 100* *Six patients had less than 70% stenosis in the coronary system. tric stenosis. The mural thrombi were associated with atheromatous plaques in 87% of cases. Sixteen hearts (12 from males and four from females) had an old coronary occlusion. All but one were in an area of severe stenosis; 11 were concentric and five eccentric. Of the men, five had one occlusion and one had two occlusions; none were associated with an acute thrombotic occlusion in any other vessel and none in the supplying artery. The other six males had both an old occlusion and an acute thrombotic occlusion in their supplying artery. Of three women, all with an old occlusion not in the supplying artery, two had no associated acute occlusive thrombus and one had an acute occlusive thrombus in the supplying artery. The last woman had both old and acute thrombotic occlusions in the supplying artery. Among this P  T  P T  P  T  <10  15  4 11  2  5  2 31  8  11-20  5  2  4  2  8  1 17  5  21-30  7  3  8  6  4  2 19 11  31-40  6  2  6  4  4  1 16  7  41-50  1  1  4  3  1  1  6  5  >50  4  3  3  2  4  4 11  9 Total 38 15 36 19 26 11 100 45 Abbreviations: P = patients; T = thrombi. >70% stenosis  occlusive  41-50  >50  50-59 60-69 70-79 80-89  >90  1  2  3*  coronary thrombus   1  1  -1  1  -1  1  1  3  -1  --2  -6  -5  3  5  2  4  2  1  2  11  6  8  6  5  12  1  2  1  6  4  7  8  7  2  10  2  1  -5  7  9  11  7  3  7  6  9  3  2  16  22  29  28  25 14 37
---- Abbreviations: LADCA = left anterior descending coronary artery; CCA = circumflex coronary artery; RCA = right coronary artery. P  T  P  T  P  T  P  T  P  T  P  T  P  T   Subendocardial  10  2  1  1   --11  3  Inner two-thirds  12  3  7  1  4  1  2  1  -2  2  27  8  Transmural  9  3  9  3  15  10  14  6  6  5  9  7  62  34   Total  31  8  17  5  19  11  16  7  6  5  11  9  100  45 Abbreviations: P = patients; T thrombi. group of 16 patients, the old occlusion was associated with extensive myocardial fibrosis, suggesting a healed infarct, in only six instances. Table 6 shows the relationship between the frequency of acute occlusive thrombi, infarct size and infarct location in the left ventricle. Thrombi were most often associated with transmural infarcts (55% of 62 cases) and less often with those involving the inner two-thirds of the wall (30% of 27 cases) or with subendocardial infarcts (27% of 1 1 cases). Table 7 relates the frequency of acute coronary thrombosis to the degree of preceding luminal stenosis in the supplying artery and the size of a myocardial infarct. A significant correlation (p < 0.01) was found between the number of acute occlusive thrombi and in-farct size. Other correlations indicate no relationship between an increasing area of fibrosis in the myocardium and the presence of an acute occlusive thrombus. No statistical relationship could be established between infarct size or area of fibrosis and heart weight.
Seventy-three percent of severe stenoses in a supplying artery were less than 2 cm long. No relationship could be established between the length of a stenosis in a supplying vessel and the size of a myocardial infarct (table 8) . Both occlusive and mural thrombi occurred more often in stenoses > 5 mm long, regardless of whether the stenosis was greater than or less than 70% (table 9) . When the average length of all stenoses in a coronary system was calculated and related to infarct <5  9  6  2  6  1  24  5-10  4  4  4  4  2  5  23  11-20  10  4  8  2  1  1  26  21-30  4  1  3  2  2  12  >30   4  2  5  1  1  2  15   Total  31  17  19  16  6  11  100 size, a statistical relationship could not be established (table 10) . Discussion Many variables must be considered in the relationship between thrombotic coronary occlusions and myocardial infarction. Previous studies, 1-3, 5,6, 10-12 some of which were retrospective,8' 10 have mainly been concerned with the frequency of occlusive thrombi associated with myocardial infarction without correlating all of the variables considered in this prospective study.
Our results indicate that acute thrombi were found in the coronary arteries of 59 of the patients who had a myocardial infarct. In 45 they were occlusive and in 14 mural. The latter, tiny linear thrombi that did not occlude the vessel lumen, could have been remnants of acute, formerly occlusive thrombi that had been lysed, embolized or been washed away by the injection of barium solution used for postmortem angiography. It could be argued that similar mechanisms had removed occlusive thrombi in patients in whom none were found. We believe these possibilities are remote because: 1) In our material distal occlusion of coronary vessels was never seen by postmortem angiography. Furthermore, thrombotic emboli to intramural coronary arteries were not detected histologically. 2) Patients undergoing coronary angiography in the early phases of an acute myocardial infarction show a low frequency of coronary No occlusion 17 11 6 34 *Occlusive thrombus not in supplying artery.
occlusion.'7 3) Thrombi induced experimentally in normal dog coronary arteries did not begin to lyse or retract until 10 days had elapsed and, after 17 days, less than 35% of the animals had developed partial recanalization.'8 Among 74 of our subjects who died within 10 days of the onset of the infarct, the frequency of occlusive thrombus was 47% (table 3) , practically the same as in the total group; 4) The fibrinolytic activity at the site of an atheromatous plaque, a favored site of thrombus formation, is reduced.'9 5) Postmortem injections do not seem to dislodge thrombi, as shown in hundreds of injected hearts.13 6) A similar frequency of occlusive thrombi is found in hearts with myocardial infarcts, whether or not they have been examined by postmortem angiography." ' Thus, the tiny mural thrombi found are probably not remnants of acute, formerly occlusive, thrombi. Furthermore, acute occlusive thrombi are probably not totally removed by these mechanisms in a short time (the longest one of our patients survived was 35 days). Coronary artery thromboemboli may resolve rapidly, but the process seems to take several weeks.20 In addition, the morphology of a thromboembolus and of the adjacent vessel wall is not that of an atherosclerotic artery occluded by a thrombus formed in situ. If a significant role for the tiny mural thrombi is excluded, our results indicate that: 1) 55% of hearts with a myocardial infarct did not have acute occlusive thrombus in the supplying artery; 2) in 45 cases where the thrombus was found, all but one were in the supplying coronary artery, usually at a site of > 70% stenosis that was longer than 5 mm and was atheromatous in type; 3) the frequency of occlusive thrombi showed a significant trend, in relation to infarct size, whether or not that infarct was subendocardial, involved the inner two-thirds of the ventricular wall or was transmural; 4) transmural infarcts, regardless of their size, did not show a significantly higher frequency of occlusive It is generally agreed,2' 3, 7, 9,10, 23 as shown here, that the frequency of occlusive coronary thrombi is low in cases of subendocardial infarcts. However, the association between occlusive thrombi and transmural myocardial infarctions is still controversial.
Traditionally,7 the arguments for a thrombus/infarct cause/effect relationship are 1) frequent association of thrombi and "large" transmural infarcts; 2) the spatial relationship between an occlusive thrombus in a supplying vessel and an infarct; 3) the chronological relationship between the histologic age of a thrombus and that of the infarct; 4) animal experiments in which the acute occlusion of a normal artery causes a myocardial infarction; and 5) lack of "documentation that the extensive inter-coronary anastomosis can compensate within 30 minutes (the estimated time for ischemic necrosis to occur) for episodic and severe reduction of blood flow in extramural coronary arteries." 24 Why should pathologists obtain such differing results? Chapman has discussed this point.8 ' 24 Generally, the patients in all investigations had histologically proved coagulation necrosis in the myocardium at autopsy. Pathologists agreed on the composition of a thrombus but used different techniques and different methods of patient selection. We included in our group all patients with histologically demonstrable coagulation necrosis, regardless of the infarct size. However, authors who report a high frequency of occlusive thrombi selected their patients on the basis of an infarct larger than 2.5, 8 3,10, 11 or 45 cm in diameter. In the present study the frequency of thrombi is 82% if only the 17 cases with the largest infarcts (> 40%) are considered (15 of these were transmural). In contrast, among the 52 cases with an infarct size between 11 and 40% (38 of these were transmural and large infarcts by the definition of some authors7) the frequency of thrombi was 44%. Thus, we believe that the selection of patients with very large infarcts explains reports that closely relate coronary thrombi and transmural infarcts. We also believe it is inappropriate to conclude that a cause-effect relationship exists between occlusive thrombi and myocardial infarction based on a frequent association between the two found among a small group seen at necropsy. This small group may be unique, but is it because the thrombi found are formed as a primary or as a secondary phenomenon?
In canine experiments, if a partial stenosis of a coronary artery is maintained for a few days and then occluded suddenly, no infarction, ventricular fibrillation or impaired cardiac dynamics result and postmortem angiograms illustrate a dramatic increase in collaterals in the area.2`These findings, and cases that have organizing occlusive thrombi without infarc-already bypassed by collaterals is probably ineffective in reducing the flow. As a corollary, the trigger of thrombus formation, whether by rupture of an atherosclerotic plaque or some other mechanism, may be less important than is stressed by some authors." ' 12, 27, 28 The role of the occlusive thrombus in affecting coronary flow, rather than its frequency, is the core of the problem. Thus, from the results of this study and for the reasons given we believe that the traditional arguments cannot be accepted as proof that a thrombus-infarct, cause-effect relationship exists.
Another factor that may foster the controversy about the relationship between occlusive thrombi and myocardial infarcts is the difficulty of comparing the results of different investigators. Definition of infarct size is pivotal. To define an infarct as large is insufficient. Equally unsatisfactory is a definition by diameter alone because an infarct is a threedimensional lesion that has an irregular outline. To overcome this problem we calculated infarct size as a volume percentage, with respect to the left ventricular mass, including the whole intraventricular system, and related it to the frequency of thrombi. It could be argued that the division of the ventricular wall into thirds could be a factor in producing our results, because of the problem of overlap. This criticism applies to any subdivision, including that of subendocardial (including the inner half of the ventricular wall) and transmural used by other authors.6' 7 If we combine our subendocardial and "inner two-thirds" cases, the frequency of thrombi associated with infarcts is 29%, very close to the 30% found in the "inner two-thirds" group or the 27% found in the subendocardial group. Thus, concern regarding overlap is probably not justified. Studies using comparable techniques in both Milan9 and Toronto have yielded reproducible results.
Our findings demonstrate that the occlusive thrombus is a multivariant phenomenon that can be correlated with the degree, length and atheromatous nature of a coronary artery stenosis and with infarct size. Each of these variants could promote thrombus formation, and must be studied in this light. For example, atheromatous plaques are associated with a loss of fibrinolytic activity,"' and a long, severe stenosis in a coronary artery induces an increase in collateral vessels in the area. 4 13 This could promote thrombus formation because of the hemodynamics at the level of stenosis. In this situation the proximal flow is counterbalanced by the retrograde distal collateral flow, and by cineangiography, to-and-fro flow related to the cardiac cycle may be seen in the area of stenosis (Maseri A: personal communication). This hemodynamic state may be further affected, with the increased risk of thrombus formation, if regional peripheral resistance increases, as may occur in 1) a large infarct with cessation of intramural flow4 13 29 or 2) coronary artery spasm30 where thrombi have been demonstrated.3' The cineangiographic observation that a coronary stenosis bypassed by a patent vein tion4' 26 show that a thrombus at the site of a stenosis 226 CIRCULATION graft may subsequently occlude in a relatively short time32' 33 further supports the concept of secondary thrombus formation, the rationale being that the graft behaves as a functional collateral flow at very high pressure. Considering thrombus formation as a multivariant phenomenon would explain the finding of an acute thrombus associated with an infarct of < 10% of left ventricular mass or, alternatively, the finding of no thrombus associated with an infarct of > 40% of left ventricular mass. Finally, we found two other morphologic forms of myocardial necrosis associated with the coagulation necrosis that is pathognomic of an infarct: "coagulative myocytolysis" ("contraction band" necrosis) occurring more frequently (in 91% cases) than "icollinquative myocytolysis" (in 33% cases). The presence of these forms of necrosis could not be related to the degree of coronary damage, the size of an infarct or to the presence or absence of an acute occlusive thrombus. Our data suggest that their presence may have no relationship to ischemia. Therefore, their pathogenesis and role in the clinical picture of an acute myocardial infarction must be established.
